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Abstract Oxidative protection of mayonnaises with
16% fish oil was studied during cold storage (5 7C) after
supplementation with different tocopherol systems: the
ternary antioxidant system ascorbic acid, lecithin and
tocopherol (A/L/T), and two commercial mixtures, an
oil-soluble (Toco 70) preparation and a water-soluble
(Grindox 1032) preparation. The physical structure of
the fish-oil-enriched mayonnaise was manipulated by
adding extra emulsifier (Panodan TR) with the purpose
of investigating whether or not this affected the antiox-
idative activity of the tocopherol mixtures. A number
of different analytical techniques HPLC (high-perform-
ance liquid chromatography, gas chromatography mass
spectrometry (GC-MS), sensory analysis, confocal
laser scanning microscopy and rheological measure-
ments) were employed to elucidate the chemical, senso-
ry, structural and rheological aspects of the oxidation
process. Discriminant partial least squares regression
was used to analyse the data obtained. The three toco-
pherol preparations not only affected the oxidative sta-
bility of the mayonnaises differently, they also in-
fluenced the rheological and structural properties of
the mayonnaises in different ways. The rheological and
structural properties of the mayonnaise were also af-
fected by the addition of extra emulsifier, but this did
not influence the formation of fishy and rancid off-fla-
vours. Addition of the A/L/T system caused the imme-
diate formation of distinct fishy and rancid off-flavours
in the fresh mayonnaises. The volatile compounds

trans-2-heptenal, 4-octen-3-one, 1-octen-3-ol, trans,cis-
2,4-heptadienal, trans,trans-2,4-heptadienal, trans-2-oc-
tenal, nonanal and trans,cis-2,6-nonadienal were
thought to contribute to the fishy and rancid flavours.
Addition of Toco 70 did not affect the sensory percep-
tion of mayonnaise nor the development of volatile off-
flavour compounds as evaluated by GC-MS, but the
peroxide values were slightly increased in mayonnaise
containing Toco 70 as compared to the other mayon-
naises. Mayonnaise with Grindox 1032 seemed to have
fewer fishy and rancid off-flavours than mayonnaises
without antioxidant. This flavour-protective effect of
Grindox 1032 was correlated to an increase in the size
of the droplet diameter of mayonnaises supplemented
with Grindox 1032.

Key words Mayonnaise 7 Tocopherol 7 Ascorbic
acid 7 Emulsifiers 7 Oxidation

Introduction

During the last two decades, interest in the dietary ef-
fects of marine n-3 polyunsaturated fatty acids, (C20 :5
n-3 and C22 :6 n-3) has increased because it has become
widely accepted that these fatty acids may prevent cor-
onary heart diseases [1, 2]. Furthermore, marine n-3
fatty acids appear to be necessary for the development
of the brain and visual function of the infant [3, 4]. Ef-
forts have been made to increase consumption of ma-
rine fatty acids by incorporating fish oil into different
functional food products such as bread, yoghurt drinks,
salad dressing and mayonnaise [5–10]. However, due to
their high degree of unsaturation, n-3 fatty acids are
highly susceptible to oxidation. Effective antioxidants
are therefore required to protect fish-oil-enriched foods
from oxidative deterioration, but the rational applica-
tion and prediction of antioxidant efficacy in complex
lipid-bearing food products appear difficult. For exam-
ple, in heterophasic systems the antioxidative efficiency
depends on a number of chemical and physical factors
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of the antioxidant and of the emulsion system [10–13].
These factors include the polarity [11, 13] and partition-
ing properties of the antioxidant [14], interactions with
the emulsifier [15] and the structure of the emulsion
[16]. The available data suggest that in heterophasic
emulsion systems, the activity of antioxidants may de-
pend, at least in part, on their effective concentrations
in the different phases of the emulsion. Furthermore,
the antioxidant activity may also depend on the struc-
tural composition of the particular system. Hence, Cou-
pland et al. [16] suggested that changes in the droplet
size of the emulsion would affect the oxidation kinetics
when the change allows a higher proportion of the oxi-
disable material to accumulate at the interface. More-
over, we recently found that addition of propyl gallate
to fish-oil-enriched mayonnaise decreased mayonnaise
viscosity and increased the mean droplet diameter [10],
and that these structural alterations promoted the oxi-
dative flavour deterioration of mayonnaises. At pres-
ent, however, the significance of the rheological prop-
erties and droplet size distributions on the oxidative
stability and/or antioxidative protection efficacy in food
emulsions is not clearly understood.

The overall purpose of our current work was to ob-
tain a better understanding of the oxidation mecha-
nisms in real food emulsions containing fish oil. Mayon-
naise was chosen as our model for oil-in-water (o/w)
food emulsions [17]. With the purpose of investigating
the effect of various antioxidants of commercial interest
on chemical, sensory, structural and rheological proper-
ties in real food emulsions, we employed the following
techniques: sensory assessment, determination of lipid
hydroperoxides by high-performance liquid chromato-
graphy (HPLC), measurements of secondary oxidation
products by dynamic headspace gas chromatography-
mass spectrometry (GC-MS) and evaluation of the phy-
sical structure by confocal laser scanning microscopy in
addition to evaluation of rheological properties. Multi-
variate data analysis [discriminant partial least squares
regression (PLSR)] was used to determine the effect of
the antioxidants and to correlate the many variables
measured. This paper is the second in a series reporting
our results from these studies.

Some of the most potent antioxidants are the toco-
pherols and they are therefore widely employed in the
food industry [18]. The tocopherols act as primary an-
tioxidants by reacting directly with free radicals, but
they are also efficient scavengers of singlet O2 [19]. To-
copherols are able to react with both the hydroperoxyl
radical and the alkoxyl free radicals formed by the me-
tal-catalysed decomposition of hydroperoxides [12, 19].
The tocopherols may also act as prooxidants in high
concentrations [12, 20]. The concentration at which the
tocopherols switch from being antioxidants to prooxi-
dants apparently depends on the properties of the mod-
el system and varies for different tocopherols.

Tocopherol has been reported to act synergistically
with ascorbic acid [21–23]. The synergistic effect has
been suggested to be due to the ability of ascorbic acid

to regenerate the tocopheroxyl radicals to tocopherol
[21, 24]. When lecithin was added together with ascor-
bic acid and tocopherol the antioxidant efficacy was
further increased in bulk oils [22]. Previously, we found
that the ascorbic acid/lecithin/tocopherol (A/L/T) sys-
tem was an effective antioxidant in bulk fish oils as
judged from both chemical and sensory analyses [17].
However, when employed in mayonnaise fishy and ran-
cid off-flavours were immediately formed even though
the peroxide value of the A/L/T mayonnaise remained
low during the 12-week storage period [25]. We also
observed that when A/L/T was added to the oil phase
in mayonnaise, the antioxidant system broke down and
ascorbic acid partitioned into the aqueous phase of
mayonnaise [17]. A prerequisite to the synergistic an-
tioxidant activity of the three A/L/T compounds ap-
pears to be their close physical proximity [17, 26]. We
therefore suggested that the observed breakdown of
the physical structure of the A/L/T system in model
mayonnaises at least partly explained why A/L/T could
not function as an antioxidant in mayonnaise [17].

As already touched upon antioxidants may partition
into the interfacial layers or into micelles present in the
aqueous phase of emulsions [14]. Furthermore, the pro-
portion of antioxidant located at the interface or in mi-
celles seems to depend on the emulsifier employed [14].
We therefore speculated that the behaviour of the
A/L/T system could be manipulated by adding extra
emulsifier to favour a possible interaction between the
emulsifier and the A/L/T system.

Our aims were to: (1) compare the antioxidative ef-
fect of A/L/T in fish-oil-enriched mayonnaise with and
without extra emulsifier (Panodan TR), (2) to investi-
gate whether the effect of A/L/T was influenced by the
phase to which the antioxidant was added prior to the
mayonnaise production (i.e. the water or oil phase of
the mayonnaise), (3) to compare the antioxidative ef-
fect of the A/L/T system with two commercial tocophe-
rol mixtures, namely a water-dispersible mixture, Grin-
dox 1032 [27] and an oil-soluble mixture, Toco 70 [27],
and (4) to investigate whether the different carriers em-
ployed in Grindox 1032 and Toco 70 affected the effica-
cy of tocopherol.

Materials and methods

Materials

Refined rapeseed oil was obtained from Aarhus Olie, Aarhus,
Denmark (composition of unsaturated fatty acids: 18 :1, 59.7%;
18 :2, 19.8%; 18 :3, 9.6%; 20 :1, 1.6%; lipid hydroperoxide value
(PV) ~0.3 mEq/kg; anisidine value (AV) 2.0; tocopherol content
a 231 mg/g, g 453 mg/g). Raw fish oil (sand eel) was obtained from
Esbjerg Fiskeindustri, Esbjerg, Denmark. The fish oil was refined
and deodorised at the pilot plant of the Department of Biotech-
nology, Technical University of Denmark (composition of unsa-
turated fatty acids: 16 :1, 15.8%; 18 :1, 7.8%; 18 :2, 3.8%; 18 :3,
1.8%; 18 :4, 4.0%; 20 :1, 7.4%; 20 :5, 7.9%; 22 :1, 9.6%; 22 :6,
7.7%; PV ~0.3 mEq/kg; AV 2.0; tocopherol content a 87 mg/g, g
10 mg/g). Egg yolk with 3% salt (NaCl) was from Sanovo Foods,
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Odense, Denmark (PV ~0.3 mEq/kg). Tarragon vinegar (7%)
was purchased from Lagerberg (Hamburg, Germany). Lemon
juice was from Borden (Gent, Belgium). Potassium sorbate was
purchased from Merck (Darmstadt, Germany). Tocopherol sys-
tems, Grindox 1032 (water-dispersible mixture comprising 20%
natural tocopherol concentrate and 80% acetic acid esters of
mono- and diglycerides of fatty acids and diacetyl tartaric acid es-
ters of mono- and diglycerides of fatty acids), Toco 70 tocopherol
mixture (oil-soluble mixture comprising 70% natural tocopherol
concentrate and 30% vegetable oil), Grindsted FF DC stabiliser
(guar gum and sodium alginate) and Panodan TR emulsifier (con-
taining diacetyl tartaric acid ester of mono- and diglycerides of
fatty acids) were donated by Danisco Ingredients, Brabrand,
Denmark. Ascorbic acid was purchased from Merck (Darmstadt,
Germany), soybean lecithin (Topcithin) was donated by Lucas
Meyer (Hamburg, Germany) and d-delta-rich tocopherol (con-
centrate) was purchased from Eisai Co. (Tokyo, Japan). The A/
L/T system was synthesised from the three latter compounds by a
procedure described by Löliger [22].

Production of mayonnaises

Mayonnaise batches of 40 kg were produced in a continuous
process on a Schröder Combinator pilot plant (Schröder, Lübeck,
Germany). Each batch contained by weight 16% fish oil, 64% ra-
peseed oil, 9.3% water, 1.2% lemon juice, 4.0% vinegar, 0.3% salt
(NaCl), 1.0% sugar, 0.1% potassium sorbate, 4.0% egg yolk and
0.15% Grindsted FF DC. The antioxidant systems were added
either to the oil phase (Toco 70 and A/L/T) or to the water phase
(Grindox 1032 and A/L/T) before mayonnaise production. In
mayonnaises with extra emulsifier, Panodan TR was mixed with
vinegar and lemon juice before addition to the other ingredients.
The pH in the mayonnaises was approximately 4.0.

Sensory analysis

Descriptive sensory analysis was used to evaluate mayonnaise
[10]. The following attributes were evaluated:
Aroma: vinegar/acidic, fishy/train oil, rancid, oily, dusty, mis-

cellaneous
Texture: appearance and mouthfeel
Flavour: vinegar/acidic, fishy/train oil, rancid, oily, dusty/dry,

synthetic, metallic, nutty, egg yolk and miscellaneous.
A scale from 0 to 9 was employed, where 0 indicated no inten-

sity (or thin mayonnaise for the texture variables) and 9 indicated
high intensity of the attribute [or thick (viscous) mayonnaise for
the texture variables].

Determination of lipid hydroperoxides by HPLC

Mayonnaise was frozen at –80 7C until analysis, thawed and sepa-
rated by centrifugation [10]. The oil phase obtained after centrifu-
gation was used for the determination of lipid hydroperoxides
(PV) by a HPLC method based on the fluorescence detection of
diphenyl-1-pyrenylphosphine (DPPP) oxides formed from the
reaction between DPPP and lipid hydroperoxides [10].

Determination of secondary volatile oxidation products by
dynamic headspace GC-MS

Mayonnaise (4 g) was weighed into a pear-shaped glass flask to-
gether with n-undecane as an internal standard and headspace vo-
latiles were collected by dynamic headspace sampling and sepa-
rated and quantified by GC-MS as previously described [10].

It is not possible to compare peak areas of the different com-
pounds at various storage times directly, and calibration curves
for conversion of peak areas into absolute concentrations were
not made for the compounds identified. In order to facilitate com-

Table 1 Overview of combinations of antioxidants and extra
emulsifier used in mayonnaise. P, No addition, E, emulsifier ad-
dition, Toco70 Toco 70 addition, G1032 Grindox 1032 addition,
ALTO, A/L/T addition in the oil phase, ALTW A/L/T addition in
the water phase

Code
name

Antioxidant
addition

Phasea Emulsifier
Panodan TR
(ppm)

EToco70 200 ppm Toco 70 Oil 2000
Toco70 200 ppm Toco 70 Oil P

EG1032 200 ppm G1032 Water 2000
G1032 200 ppm G1032 Water P

EALTO 400 ppm A/L/T Oil 2000
ALTO 400 ppm A/L/T Oil P

EALTW 400 ppm A/L/T Water 2000
ALTW 400 ppm A/L/T Water P

a To which antioxidant system was added

parison of the developments of the compounds identified for the
various mayonnaise codes during storage, data were reported as
the relative increase (in %) in peak areas between 0 and 13 weeks
of storage for each compound.

Confocal laser scanning microscopy

Mayonnaises were dyed with Nile Red (Sigma-Aldrich Chemie,
Steinheim, Germany) and microscoped using a confocal laser
scanning microscope as described earlier [10]. Subsequently,
droplets were counted manually and mean diameters D[4,3],
D[3,2], D[3,0] and D[2,0] were calculated (see footnote to Ta-
ble 4).

Rheological measurements

The following analyses were carried out as described earlier [10]:
stress sweep and yield stress. From the stress sweep measure-
ments, values for the gel strength (G*), the phase angle and the
critical stress were obtained. From the yield stress measurements
only values for the yield stress were obtained.

Experimental plan

Table 1 shows the doses of antioxidant and emulsifier used.
Mayonnaises were stored at 5 7C for 13 weeks in glass jars, which
were vacuum packed in aluminium foil bags. Samples were taken
for sensory analysis and PV measurements after 0, 4, 7, 10 and 13
weeks of storage and for GC-MS measurements after 0, 4, 7 and
13 weeks of storage. Rheological measurements were made after
1 week of storage and confocal laser scanning microscopy meas-
urements were made after 4 weeks of storage. Samples for PV
and GC-MS measurements were kept at –80 7C until analysis,
while all other analyses were carried out directly after sampling.

Data analysis

Statistical analysis (ANOVA and Tukey’s test) was performed on
selected GC-MS data with the aid of the software program Un-
scrambler version 7.01 (CAMO, Oslo, Norway). To correlate the
different analytical data discriminant partial least squares regres-
sion (DPLSR) was employed [28]. The software program Un-
scrambler was used as an aid for this analysis.
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Table 2 Mean values of all
mayonnaise codes for sensory
scoresa of fishy and rancid
aromas plus flavours during
storage at 5 7C; mean values
and standard deviations were
calculated across means of re-
plicates for the eight mayon-
naise codes in Table 1

Variable name 0 weeks 4 weeks 7 weeks 10 weeks 13 weeks

Fishy aroma 1.3B0.7 1.0B0.4 0.9B0.4 1.0B0.4 1.4B0.6
Fishy flavour 2.3B1.1 2.4B1.1 2.6B0.8 2.9B0.9 2.8B1.1
Rancid aroma 0.5B0.2 0.8B0.3 0.6B0.4 0.8B0.3 0.9B0.3
Rancid flavour 0.6B0.3 0.9B0.4 1.2B0.3 1.4B0.4 1.3B0.4

a Sensory scale from 0–9

ANOVA PLSR on sensory data. Prior to the main data analysis
differences in the sensory score levels of the assessors were pro-
jected away by a preliminary ANOVA PLSR [10]. The means of
the residuals obtained after the optimal number of principal com-
ponents were used for the subsequent DPLSR analysis. Three dif-
ferent mean residual values were calculated for each sample. The
first two mean values were obtained by separating the data ran-
domly into two groups. The means were calculated for each group
and were denoted replicate 1 and replicate 2 (Rep 1 and Rep 2).
The third mean value was calculated on all data for each sam-
ple.

DPLSR analysis. Subsequently, two different DPLSR analyses
were performed. In both analyses antioxidant type, phase to
which antioxidant was added, emulsifier addition and replicates
were used as design variables. In the first analysis sensory data
(residuals obtained from the preliminary PLSR), data from lipid
hydroperoxide determination, rheology and confocal laser scan-
ning microscopy were used as X-variables and design variables
were used as Y-variables. In the second DPLSR analysis GC-MS
and sensory data (residuals from the preliminary PLSR) were
used as X-variables and design variables as Y-variables. Repli-
cates as well as means for each sample were used as sample codes
in both analyses and full cross-validation on all replicates and
mean values was employed. The validity of this model was exam-
ined by calculating a model based on the cross-validation on re-
plicates only. Both X and Y values were standardised by 1/SD.

Results and discussion

Sensory analysis

The sensory scores of mayonnaise were evaluated on
an unstructured scale from 0 to 9 with 0 having the low-
est or no intensity. Fishy and rancid off-odours and off-
flavours developed in all mayonnaises irrespective of
addition of antioxidants or extra emulsifier (Table 2).
Intensity scores for fishy aroma and flavour were low in
freshly produced mayonnaises with Toco 70 and Grin-
dox 1032, whereas they immediately increased to a
mean value of 1.9 for the fishy aroma and 3.2 for the
fishy flavour in mayonnaises supplemented with A/L/T
(data not shown). The fishy flavour and aroma did not
further increase during storage in A/L/T mayonnaises.

Comparison of the fishy and rancid sensory scores of
mayonnaises containing antioxidants (Toco 70, Grin-
dox 1032 or A/L/T) with a reference mayonnaise with-
out antioxidant from our previous study [10] showed:
(1) mayonnaises with Grindox 1032 generally had low-
er scores than the reference mayonnaise, (2) mayon-
naises with Toco 70 had similar scores and (3) mayon-
naises with A/L/T had higher scores (data not shown).
Hence, the sensory observations indicated that mayon-
naises with Grindox 1032 may have an antioxidative ef-

fect in mayonnaises, whereas Toco 70 had no effect and
A/L/T had a strong prooxidative effect.

The sensory scores were all relatively low and the
standard deviations were relatively large. Sensory dif-
ferences between the mayonnaises were therefore not
statistically significant. Thus, it was not possible to com-
pute a model describing the variation between samples
using traditional statistical methods such as ANOVA.
However, by employing multivariate statistical methods
it was possible to compute such models, as is discussed
below.

Lipid hydroperoxides

Lipid hydroperoxide (PV) values were generally low
and only varied between 0.10 and 0.32 mmol/g (pmEq/
kg), and did not increase markedly during the storage
period. However, PV values in the various mayonnaise
samples differed slightly. Thus, mayonnaises with A/L/T
tended to have lower PV values than the other mayon-
naises (data not shown), as is further discussed later.

Volatile secondary oxidation products

From the GC-MS analysis more than 100 compounds
were observed. Thirty-two of these compounds were
tentatively identified by spectral identification and used
for further data analysis. The 32 identified compounds
are listed in Table 3 (peaks were renumbered after se-
lection and identification to be in continuous order).
The compounds identified in the mayonnaises were in
accordance with observations made in our previous
study on fish-oil-enriched mayonnaise [10]. Several of
the compounds identified in the present study (Table 3)
have previously been reported as being present in
mayonnaise with fish oil [30], namely hexanal, trans-2-
hexenal, heptanal, 1-octen-3-one octanal, trans,trans-
2,4-hexadienal, the 2,4-heptadienals and trans-2-decen-
al. Furthermore, trans-2-octenal, nonanal and trans-2-
nonenal have also been found in oxidised fish oil [30]
and Karahadian and Lindsay [20] have suggested that
trans,cis-2,4-heptadienal, trans,trans-2,4-heptadienal
and trans,cis-2,6-nonadienal contribute to the fishy fla-
vour in oxidised fish oil. Several of the products identi-
fied are cyclic compounds that probably also stem from
polyunsaturated fatty acids. For example, several furan
derivatives have been reported to be responsible for
flavour defects in soybean oil [31].
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Table 3 Volatile compounds identified by gas chromatography–mass spectrometry (GC-MS) in mayonnaise and ratings of their rela-
tive increase between 0 and 13 weeks of storage at 5 7C (np3). For abbreviations, see Table 1

Peak
no.

Compound Reten-
tion

Identi-
ficationb

Ratingc

time
index
(RI)a

EToco70 Toco70 EG1032 G1032 EALTO ALTO EALTW ALTW

1 Hexanal 876 Std 1 P 2 2 1 1 0 1
2 Ethylbenzene 912 Std 2 1 1 1 2 1 1 1
3 p-Xylene 939 Std 1 1 2 1 2 1 1 1
4 trans-2-Hexenal 953 Std 3 1 4 3 2 1 1 1
5 2-Hexenal 958 2 0 3 3 1 1 1 1
6 3-Furaldehyde 962 Std 2 3 2 1 2 2 1 1
7 Heptanal 980 Std 3 1 3 1 3 1 1 1
8 Cyclohexanone 998 1 1 0 1 1 1 1 1
9 b-Myrcene 1017 1 1 0 1 1 1 0 0

10 2-Pentylfuran 1030 Std 2 1 1 1 2 1 0 1
11 trans,trans-2,4-Hexadienal 1033 Std 4 4 4 4 4 0 4 1
12 D-Limonene 1048 Std 1 0 1 1 1 1 1 0
13 6-Methyl-5-nonen-4-one 1049 2 1 1 4 1 3 1 3
14 trans-2-Heptenal 1060 Std 2 2 1 2 1 1 0 0
15 1-Octen-3-one 1064 Std 2 3 1 3 2 1 2 1
16 1-Methyl-4-(1-methylethyl)benzene 1065 1 1 1 1 1 1 1 1
17 1,1-Dimethyl-2-(3-methyl-1,3-buta-

dienyl)cyclopropane
1079 2 1 2 1 2 1 1 1

18 1-Methyl-4-(1-methylethyl)-1,4-
cyclohexadiene

1082 2 1 2 1 2 1 1 1

19 Octanal 1084 Std 2 1 1 1 1 1 1 1
20 1-Octen-3-ol 1091 Std 3 0 1 3 3 0 2 1
21 trans,cis-2,4-Heptadienal 1118 4 3 3 4 4 3 2 3
22 trans,trans-2,4-Heptadienal 1133 Std 3 2 1 1 3 2 0 2
23 trans-2-Octenal 1165 Std 2 3 0 2 1 2 0 1
24 Nonanal 1187 Std 1 1 1 1 1 1 1 1
25 1-Methyl-2-octyl-cyclopropane 1200 1 1 0 1 1 1 1 1
26 4-Methyl-1-(1-methylethyl)-3-

cyclohexen-1-ol
1260 2 1 2 1 2 1 1 1

27 trans,cis-2,6-Nonadienal 1268 Std 2 2 0 3 1 1 1 1
28 trans-2-Nonenal 1270 Std 1 1 0 0 0 2 0 1
29 Linalyl propanoate 1294 1 1 1 1 1 1 1 1
30 trans-2-Decenal 1376 Std 1 0 0 0 0 1 0 0
31 trans,trans-2,4-Decadienal 1452 Std 2 2 0 0 0 3 0 1
32 trans-2-Undecenal 1482 Std 1 1 0 1 0 2 0 1

a RI according to Van den Dool and Kratz [29]
b All compounds were tentatively indentified by GC-MS library.
Compounds marked “Std” have also been identified by RI and
mass spectra of authentic reference compounds

c 0 no increase or decrease, 1 1–200% increase in concentration
during storage, 2 201–400% increase during storage, 3 401–800%
increase during storage, 4 1800% increase during storage. In-
creases were calculated relative to the concentration after 0 weeks
of storage

The relative increases in the individual levels of the
32 compounds during 3 months of storage (5 7C) of the
eight mayonnaises are also indicated in Table 3. The
peak areas decreased or only increased slightly be-
tween 0 and 13 weeks of storage for most of the mayon-
naise samples for the following compounds: cyclohexa-
none (peak 8), b-myrcene (peak 9), D-limonene (peak
12), 1-methyl-4-(1-methylethyl)benzene (peak 16), 1-
methyl-2-octyl-cyclopropane (peak 25), trans-2-nonenal
(peak 28), linalyl propanoate (peak 29) and trans-2-de-
cenal (peak 30). These compounds were thus only
formed to a small extent during storage and it is there-
fore likely that they did not contribute to the formation
of fishy and rancid off-flavours. We previously found
that cyclohexanone, b-myrcene, linalyl propanoate and
trans-2-decenal only increased slightly or decreased
during storage of mayonnaise with 16% fish oil [10].
The present study therefore confirmed our previous

conclusion that these four compounds were not respon-
sible for the formation of fishy and rancid flavours. In
contrast, the relative concentrations increased more
than 400% for trans,trans-2,4-hexadienal (peak 11) and
trans,cis-2,4-heptadienal (peak 21), which indicates that
these two compounds were formed to a large extent
during the course of the oxidation of mayonnaise with
fish oil (Table 3). The formation of these dienals is in
accordance with available knowledge on the oxidative
breakdown of polyunsaturated lipids containing n-3
and n-6 fatty acids [20, 32].

In mayonnaises with A/L/T fewer compounds in-
creased more than 400% than in the mayonnaises with
Toco 70 or Grindox 1032. This may be because the
A/L/T-containing mayonnaises had high concentrations
of the volatile compounds already in the fresh mayon-
naises, which indicates that volatiles were rapidly
formed in mayonnaises with A/L/T (data not shown).
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Thus, even if the concentration of the volatile com-
pound after 13 weeks was similar to the concentration
in mayonnaises with Toco 70 or Grindox 1032, the rela-
tive increase during storage was lower. Comparison of
mayonnaises with Grindox 1032 or Toco 70 did not re-
veal any obvious differences between their relative in-
creases in the concentrations of volatiles.

Physical structure

Droplet size distribution data were based on manual
measurements of droplet diameters from confocal laser
scanning microscopy photos of mayonnaise. The data
obtained by microscopy after 4 weeks of storage
showed that when emulsifier was present droplet diam-
eters were largest for mayonnaise with Grindox 1032
(EG1032), whereas droplet diameters were largest for
mayonnaises with A/L/T when emulsifier was not pres-
ent (ALTO and ALTW) (Table 4). It was also evident
that A/L/T or Grindox 1032 addition generally gave
rise to bigger diameters than Toco 70 addition, irres-
pective of the presence of extra emulsifier.

A visual inspection of the photos taken in conjunc-
tion with the microscopy of mayonnaises supported
these conclusions (photos not shown). From the photos
it was also observed that the droplet distribution ap-
peared to be different for the various mayonnaises.
Thus, while the droplet sizes for mayonnaise EG1032
were relatively uniform and medium to large in size,
the droplet sizes for mayonnaise EALTW varied more
as it had many very small droplets and fewer very big
droplets. Some of the corresponding mayonnaises with-
out Panodan TR, e.g. G1032 and ALTW, also had
many small droplets, but also many that were very
large.

Rheological measurements

The complex modulus (G*), which expresses the gel
strength of the mayonnaise, was highest for mayon-
naises with Grindox 1032 (Table 5). All mayonnaises
containing extra emulsifier had higher gel strengths
than the corresponding mayonnaise without extra
emulsifier, except the mayonnaise with A/L/T added in
the water phase. Higher gel strength indicates a more
“rigid” structure of the mayonnaise.

The phase angle is a measure of the viscoelasticity of
the system, where a phase angle of 07 indicates a com-
pletely elastic system and a phase angle of 907 indicates
a completely viscous system. The phase angles were
generally higher for mayonnaises with A/L/T than for
the other mayonnaises.

The critical stress expresses the force necessary to
initiate breakdown of the structure of the sample.
Mayonnaises with Toco 70 had higher critical stress val-
ues than the other mayonnaises, except for mayonnaise

Table 4 Results of confocal laser scanning microscopy (mm);
mean BSD, np3). For abbreviations, see Table 1

Code
name

D[4,3]a D[3,2]b D[3,0]c D[2,0]d

EToco70 4.5B0.5 3.8B0.3 3.1B0.2 2.8B0.2
Toco70 6.4B0.1 4.7B0.2 3.4B0.2 2.9B0.2

EG1032 10.3B2.7 7.6B1.4 4.7B0.2 3.7B0.2
G1032 8.4B0.8 5.7B0.6 3.7B0.3 3.0B0.2

EALTO 5.9B1.2 4.3B0.7 3.1B0.4 2.7B0.2
ALTO 10.6B2.7 6.7B1.6 3.9B0.4 2.9B0.1

EALTW 6.0B0.1 4.2B0.1 3.0B0.2 2.5B0.2
ALTW 13.1B1.7 8.1B0.4 4.2B0.1 3.0B0.1

a Volume mean diameter: D[4,3]pAd4Ad3 [33]
b Surface mean diameter: D[3,2]pAd3/Ad2 [33]
c Number volume mean: D[3,0]p3;(Ad3/n) [33]
d Number surface mean: D[2,0]p;A(d2/n), where d is the diam-
eter of a droplet (mm) and n is the total number of droplets [33]

Table 5 Results of rheological measurements; meanBSD, np2).
For abbreviations, see Table 1

Mayon-
naise
code

Gel
strength
(Pa)

Phase
angle
(7)

Critical
stress
(Pa)

Yield
stress
(Pa)

EToco70 909.5B44.6 7.8B0.3 25.7B6.1 353.0a

Toco70 889.5B6.4 7.8B0.0 28.3B9.8 277.01

EG1032 1047.5B74.2 6.9B0.4 22.1B7.6 334.5B25.0
G1032 1023.0B38.2 7.8B0.3 19.1B3.3 270.5B19.2

EALTO 917.0B8.5 8.1B0.8 21.4B0.0 282.7B10.3
ALTO 840.0B1.4 8.3B0.1 27.5B0.0 239.0B4.8

EALTW 849.0B21.2 9.7B0.8 11.7B2.1 221.5B7.6
ALTW 911.0B8.5 8.4B0.4 18.9B12.2 251.0B108.2

a Only one measurement

with A/L/T added in the oil phase (ALTO), which had
the second highest value at 27.5 Pa.

The yield stress expresses the force necessary to
make the mayonnaise flow. Mayonnaises with A/L/T
had lower yield stress values than mayonnaises with
Toco 70 or Grindox 1032 (Table 5). Contemplation of
notably gel strength and yield stress data indicate that
mayonnaises with A/L/T generally had a “weaker”
structure and were more viscous and less elastic than
mayonnaises with Toco 70 or Grindox 1032. In accor-
dance with the gel strength measurements, the yield
stress measurements showed that the yield stress was
higher in mayonnaises with extra emulsifier compared
with the corresponding mayonnaises without extra
emulsifier.

Results of multivariate data analysis of oxidation data

Two different DPLSR analyses were performed on the
data. The reason why all the data were not included in
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Fig. 1 Scores plot of PC1 versus PC2 from DPLSR analysis of
sensory, PV, rheological and microscopy data. E Emulsifier addi-
tion, Toco70 Toco 70 addition, G1032 Grindox 1032 addition,
ALTO, A/L/T addition in the oil phase, ALTW A/L/T addition in
the water phase

one analysis was that it would be difficult to interpret
the loadings plots because of the many variables (more
than 200). The results of the two DPLSR analyses are
shown in Figs. 1–5.

DPLSR analysis of all data except GC-MS data

In the DPLSR analysis, which included all variables ex-
cept data from dynamic headspace GC-MS measure-
ments, three principal components were validated.
These three components explained 46% of the variance
in X (sensory and instrumental variables) and 48% of
the variance in Y (design variables). The relatively low
percentage of explained variance indicated that the var-
iation in the data was only partly explained by the mod-
el employed. This may be partly due to the large stand-
ard deviations observed for some of the measure-
ments.

Principal components 1 and 2

Principal components 1 and 2 (PC1 and PC2) explained
37% of the variance in X and 38% of the variance in Y.
In the scores plot, mayonnaises with A/L/T were all lo-
cated to the right of the diagram (Fig. 1). In contrast, all
mayonnaises with the commercial tocopherol prepara-
tions were located to the left in the diagram with
mayonnaises containing Grindox 1032 located most to
the left. This observation indicates that PC1 mainly de-

scribed differences between mayonnaises with A/L/T
and mayonnaises with Toco 70 or Grindox 1032. The
mayonnaises with Grindox 1032 both had slightly posi-
tive PC2 values, whereas mayonnaises with Toco 70
had negative values for PC2. This finding indicates that
PC2 may partly explain differences between mayon-
naises with Toco 70 and Grindox 1032. Moreover,
mayonnaises containing A/L/T added in the water
phase had positive PC2 values, whereas mayonnaises
with A/L/T added in the oil phase had slightly negative
PC2 values. This may indicate that PC2 distinguished
A/L/T addition in the water or oil phase. However, the
difference in the PC2 values for the A/L/T mayonnaises
was small. Therefore, it is not possible to draw any firm
conclusion on this matter based on the scores plot. The
loadings plot contained more than 100 variables (not
shown), which makes the plot very difficult to interpret.
The loadings plot was therefore split into four plots
showing the flavour and aroma variables (Fig. 2a), the
PV plus the rancid and fishy flavour variables (Fig. 2b),
the droplet size variables plus the replicate variables
(Fig. 2c) and the rheology, appearance and mouthfeel
variables (Fig. 2d). In each plot the design variables
G1032, ALT, Toco 70, emulsifier and oil phase are
shown. It should be noticed that only addition of an-
tioxidants to the oil phase is indicated in the plots. This
is because antioxidants were either added to the oil
phase (ALTO, EALTO, Toco 70, EToco70) or to the
water phase (ALTW, EALTW, G1032, EG1032). Thus,
variables that correlated positively to the addition of
antioxidant in the oil phase correlated negatively to the
addition of antioxidant in the water phase and vice ver-
sa. Likewise, mayonnaises either contained extra emul-
sifier or they did not contain extra emulsifier. For the
same reasons as for the oil phase design variable, only
addition of extra emulsifier is indicated in the plot by
the emulsifier design variable.

Antioxidant and emulsifier effect

The design variable for Grindox 1032 addition (G1032)
was located in the upper left corner of the loadings plot
(Fig. 2a–d). In contrast, the design variable for A/L/T
addition (ALT) was located to the far right and the de-
sign variable for Toco 70 addition (Toco 70) was lo-
cated in the bottom of the loadings plot relatively close
to the PC2 axis (Fig. 2a–d). The design variable de-
scribing the phase to which the antioxidant was added
(oil phase) was also located in the bottom of the dia-
gram, but on the other side of the PC2 axis from
Toco 70. The findings above show that PC1 mainly de-
scribed differences between mayonnaise supplemented
with A/L/T and Grindox 1032, and that PC2 explained
differences between mayonnaises with Toco 70 and
Grindox 1032 or between mayonnaises with antioxidant
added in either the oil phase or the water phase. The
design variable for emulsifier addition (emulsifier) had
slightly positive PC1 and PC2 values. However, this
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Fig. 2a Loadings plot of PC1 versus PC2 for sensory data b
Loadings plot of PC1 versus PC2 for selected sensory data and
PV. c Loadings plot of PC1 versus PC2 for microscopy data d
Loadings plot of PC1 versus PC2 for selected sensory data and
rheological measurements (all plots correspond to scores plot in
Fig. 1). The first letter in the variable name for sensory scores ref-
ers to either aroma (A), flavour (F) or texture (T); vine vinegar/
acidic, fish fishy/train oil, ranc rancid, meta metallic, synt synthet-
ic, eggy egg yolk, appe appearance, mout mouthfeel. PV peroxide
value; D[4,3], D[3,2], D[3,0], D[2,0] different mean diameters
from microscopy measurements; Rep different replicates, Av
mean value. The number after the hyphen in the variable name
refers to the storage time in weeks. Emulsifier, emulsifier addi-
tion, Oil phase addition of the antioxidant in the oil phase, ALT
addition of A/L/T, G1032 addition of Grindox 1032, Toco 70 ad-
dition of Toco 70

variable was located relatively close to the origin and
was therefore not explained well by either PC1 or
PC2.

Effect on sensory variables

The variables describing the fishy/train oil aroma and
flavour (Afish, Ffish) were all located far to the right in
the diagrams (Fig. 2a, b). The rancid aroma and flavour
variables in the freshly produced mayonnaises (Aranc-
0, Franc-0) were located close to the PC2 axis. After
storage the rancid variables were located further to the
right (Fig. 2a, b). Furthermore, the metallic and syn-
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Fig. 3 Scores plot of PC1 versus PC3 from DPLSR analysis of
sensory, PV, rheological and microscopy data. For abbrevations,
see Fig. 1

thetic flavour variables (Fmeta, Fsynt) were all located
to the right in the diagram, except for Fmeta-7 and
Fsynt-10, which had a slightly positive or a negative
PC1 value, respectively (Fig. 2a). Taken together these
findings appear to signify that mayonnaises containing
A/L/T had more fishy, rancid, metallic and synthetic
off-odours and off-flavours than mayonnaises with
either Grindox 1032 or Toco 70. Moreover, the Grin-
dox 1032 variables were located further away from the
fishy and rancid variables than Toco 70. Therefore,
Grindox 1032 seemed to have less fishy and rancid off-
flavour than Toco 70.

The variables describing the vinegar/acidic aroma
and flavour (Avine, Fvine) generally had positive PC1
values, except for Fvine-0, Avine-4 and Avine-7
(Fig. 2a). However, the vinegar variables were not lo-
cated as far to the right as the ALT and the fishy, ran-
cid and metallic variables. This localisation of variables
indicates that addition of A/L/T increased the vinegar
aroma and flavour of the mayonnaise.

The variables describing the egg-yolk-like flavour of
the mayonnaise (Feggy) were all located to the left in
the loadings plot (Fig. 2a). Thus, mayonnaise with
Grindox 1032 had a more intense egg yolk flavour than
mayonnaises with A/L/T and this may be due the abili-
ty of the intense fishy, rancid and metallic off-flavours
in mayonnaise with A/L/T to shield the natural egg
yolk flavour in non-oxidised mayonnaise.

There was no clear pattern with respect to the loca-
tion of the sensory variables describing nutty flavour,
oily, dusty and miscellaneous aroma and flavour. Thus,
the variation in these variables seemed to be accidental

and not attributable to differences in mayonnaise com-
position and these variables are therefore not shown in
Fig. 2a–d.

Effect on lipid hydroperoxides

The variables describing the lipid hydroperoxide levels
(PV) were scattered in the third quadrant of the load-
ings plot (Fig. 2b). This observation shows that PV was
negatively correlated to addition of A/L/T and positive-
ly correlated to addition of Toco 70, whereas it did not
correlate to addition of G1032. Thus, even though the
addition of A/L/T gave rise to mayonnaises with more
intense fishy, rancid and metallic off-flavours than
mayonnaises with Toco 70 and Grindox 1032, PVs were
lower in mayonnaises with A/L/T. This observation is
in accordance with results from our previous studies on
mayonnaise with A/L/T, where mayonnaise with A/L/T
had lower PV but decreased sensory quality as com-
pared to mayonnaises without antioxidants [25]. At
present we assume that the reason for this paradox is
that A/L/T addition promotes rapid decomposition of
lipid hydroperoxides into secondary oxidation products
[34], as is discussed later.

Droplet size and replicates

All droplet size variables D[4,3], D[3,2], D[3,0] and
D[2,0] were located in the second quadrant, with the
two latter variables being located closest to G1032
(Fig. 2c). These findings indicate a positive correlation
between addition of Grindox 1032 and the droplet size,
although the correlation was stronger for the number
means (D[3,0], D[2,0]) than for the surface area and
volume means (D[3,2], D[4,3]) (Fig. 2c). This finding is
in accordance with the direct observation that mayon-
naise with Grindox 1032 had larger droplets than the
other mayonnaises when extra emulsifier was added
(Table 4). The reason why D[3,2] and D[4,3] were lo-
cated near the PC2 axis and almost in between the de-
sign variables G1032 and ALT was that mayonnaises
with A/L/T (both ALTO and ALTW) had larger drop-
lets than mayonnaises with Grindox 1032 when no ex-
tra emulsifier was added (Table 4). The negative corre-
lation observed between oil phase and the droplet size
was caused by the addition of either A/L/T in the oil
phase or Toco 70 or both (Fig. 2c). Mayonnaises with
Toco 70 had smaller droplets than all the other mayon-
naises irrespective of emulsifier addition (Table 4).
However, mayonnaises with A/L/T in the oil phase
(ALTO) had smaller droplets than the corresponding
mayonnaise with A/L/T in the water phase (ALTW)
only when emulsifier was not present. Thus, the nega-
tive correlation between oil phase and the droplet di-
ameters could mainly be explained by the finding that
mayonnaises with Toco 70 had the smallest diameters.
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Fig. 4 Loadings plot of PC1 versus PC2 for selected sensory var-
iables and selected volatile compounds. Pxx peak no. xx. For oth-
er abbreviations, see Figs. 1 and 2

Fig. 5 Loadings plot of PC1 versus PC3 for selected sensory var-
iables and selected volatile compounds. For abbreviations, see
Figs. 2 and 4

The replicates were all located close to the origin,
which indicated that the variations between replicates
were not explained by PC1 or PC2.

Effect on appearance, mouthfeel and rheological
properties

The variables for appearance and mouthfeel (Tappe,
Tmout) were all located to the left in the plots and
were scattered in the PC2 direction (Fig. 2d). This find-
ing shows that mayonnaises with A/L/T were perceived
as being thinner than mayonnaises with Toco 70 or
Grindox 1032, and that the assessors were not able to
differentiate between mayonnaises with Grindox 1032
or Toco 70 with respect to these variables. The gel
strength was located very close to the G1302 design
variable (Fig. 2d), which indicates that mayonnaises
with Grindox 1032 had higher gel strength than the oth-
er mayonnaises. In contrast, the phase angle was lo-
cated to the right in the plot (Fig. 2d). Hence, addition
of A/L/T gave rise to increased phase angles, which
means that the mayonnaises with A/L/T were more vis-
cous and less elastic than mayonnaises with Grin-
dox 1032 or Toco 70. These findings could also be de-
duced from the raw data (Table 5).

The yield stress and the critical stress were located in
the third quadrant, with the critical stress being located
fairly close to Toco 70 (Fig. 2d). Hence, Toco 70 addi-
tion caused an increase in the critical stress, whereas
the yield stress was more affected by the addition of
A/L/T as yield stress correlated negatively with the ad-
dition of A/L/T.

In our recent study on the effects of propyl gallate
on mayonnaise quality, we observed a positive correla-
tion between the appearance/mouthfeel sensory de-
scriptors and the rheological variables gel strength and
yield stress, and a negative correlation between these
variables and the droplet size [10]. As mentioned
above, the appearance, mouthfeel and rheological var-
iables were located to the left in the plot and the posi-
tive correlation between the appearance/mouthfeel var-
iables and the rheological variables was therefore also
apparent in the present study (Fig. 2d), although it was
less pronounced than in our previous study. Contrary
to our previous results there appeared to be a positive
correlation between the droplet variables D[2,0] and
D[3,0] and the gel strength, whereas there was only a
slightly positive or no correlation between D[4,3] and
D[3,2] and the gel strength (Fig. 2c, d). There was also
only a slightly positive or no correlation between the
yield stress and the droplet diameters, whereas there
appeared to be a negative correlation between the crit-
ical stress and the droplet diameters (Fig. 2c, d). The
reason why the correlations were less ambiguous than
in our previous study may be that the three tocopherol
mixtures contained three different antioxidant carriers
or emulsifiers, which may interact with the egg yolk
emulsifier or the extra emulsifier (Panodan TR) in dif-
ferent ways. In turn this may have different effects on
the rheological properties and the droplet size. Thus,
Grindox 1032 contained the emulsifiers acetic acid and
the diacetyl tartaric acid esters of mono- and diglycer-
ides, which appeared to increase the gel strength of the
mayonnaise although they also increased the droplet
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size of the mayonnaise. This phenomenon is in conflict
with the generally accepted theory that small droplets
dictate a more rigid structure [35]. An explanation may
be that in mayonnaise, egg yolk not only works as an
emulsifier, but also influences the rheological proper-
ties. It has thus been reported that fragments of egg
yolk granules are present in the aqueous phase of
mayonnaise. These fragments adhere to the interfacial
film of the oil droplets and to each other, forming a
protein network. This network increases the viscosity
and gel strength of the mayonnaise [36]. We therefore
propose that the emulsifier from Grindox 1032 inter-
acts with the granule fragments and strengthens the
protein network, thereby affecting the rheological
properties. However, the available knowledge does not
lead to any suggestion as to how these interactions af-
fect the droplet size.

The decreasing effect of the A/L/T system on the
yield stress in particular may be attributed to the larger
droplets in these mayonnaises compared with the
Toco 70 mayonnaises (Table 4). It has been reported
that when lecithin was added to mayonnaise, the con-
sistency was lowered and the stability decreased [35]. It
is therefore likely that lecithin from the A/L/T prepara-
tion affects the droplet distribution and rheological
properties of mayonnaise. It is important to note, how-
ever, that emulsifier addition and the phase to which
A/L/T was added also influenced the yield stress. Thus,
while emulsifier addition to mayonnaise with A/L/T in
the oil phase decreased the droplet size (Table 4) and
increased the yield stress (Table 5), emulsifier addition
to mayonnaise with A/L/T in the water phase decreased
the droplet size and also decreased the yield stress.

The increasing effect of Toco 70 on the critical stress
may be due to the decreased droplet size caused by
either tocopherol itself or the vegetable oil employed in
this tocopherol mixture.

Taken together, the data show that the rheological
and textural properties of mayonnaise may be in-
fluenced by factors other than droplet size. Hence, it is
likely that interactions between the egg yolk consti-
tuents at the interface, and in the protein network be-
tween oil droplets and the different emulsifiers/antioxi-
dant carriers employed in the tocopherol mixtures are
responsible for the observed changes in the physical
and rheological properties. These interactions may
have an effect on oxidation in mayonnaise. Thus, pre-
vious results have shown that oxidation in o/w emul-
sions may decrease when viscosity is increased [37].

Principal component 3

Principal component 3 (PC3) only explained 9% of the
variation in X and 10% of the variation in Y. In the
scores plot of PC3 versus PC1, mayonnaises without
emulsifier (Toco70, G1032, ALTO, ALTW) all had ne-
gative PC3 values, whereas mayonnaises with emulsi-
fier (EToco70, EG1032, EALTO, EALTW) all had po-
sitive PC3 values (Fig. 3). Hence, PC3 apparently ex-
plains differences between mayonnaises caused by
emulsifier addition. Examination of the corresponding
loadings plot showed that PC3 primarily explains varia-
tions in the droplet size data caused by the emulsifier
addition, i.e. droplet size tended to decrease on emul-
sifier addition and no clear trends in the locations of
the sensory data were evident. This plot is therefore not
shown.

DPLSR analysis of sensory and GC-MS data

In the DPLSR analysis of GC-MS and sensory data
three principal components were validated and the re-
sults obtained are shown in Figs. 4 and 5. Principal
components 1, 2 and 3 explained 24%, 9% and 14% of
the variation in the X-variables and 18%, 20% and
10% of the variation in the Y-variables, respectively.
Hence, these three components explained 47% of the
variation in the X-data and 48% of the variation in the
Y-data.

Antioxidant and emulsifier differences

The scores plot of PC1 and PC2 was similar to the
scores plot of the sensory and other instrumental data
(Fig. 1) and therefore the scores plot of the GC-MS and
sensory data is not shown. Thus, the model obtained
with the sensory and GC-MS data confirmed the model
obtained with the sensory data and data from the other
instrumental variables. Hence, the plot showed that
mayonnaises with Grindox 1032 were clustered togeth-
er in one group, mayonnaises with Toco 70 in another
group and mayonnaises with A/L/T in a third group,
irrespective of emulsifier addition.

The scores plot of PC1 and PC3 was also similar to
the scores plot of PC1 versus PC3 for the other instru-
mental data and sensory data. Thus, it mainly con-
firmed the interpretation of the previous plot (Fig. 3)
and is therefore not shown.

Loadings plots

In the loadings plots of PC1 versus PC2 (Fig. 4) and
PC1 versus PC3 (Fig. 5) only the legends of the fishy
plus rancid flavours and aromas are included. Likewise,
only the peak numbers that will be discussed during the
interpretation of the plots are shown in the figures. The

Fig. 6a-h Peak areas for selected volatile compounds during stor-
age at 20 7C. a trans-2-Heptenal (peak 14); b 1-octen-3-one (peak
15); c 1-octen-3-ol (peak 20); d trans,cis-2,4-heptadienal (peak
21); e trans,trans-2,4-heptadienal (peak 22); f trans-2-octenal
(peak 23); g nonanal (peak 24); h trans,cis-2,6-nonadienal (peak
27). The peak area for EALTW after week 4 is missing. Mayon-
naises from the same week with the same letter above the bar are
not significantly different, i.e. the statistical test was made across
samples within the same week (P~0.05). For abbreviations, see
Fig. 2
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location of the remaining sensory variables and peaks
are only indicated by dots.

The locations of the different fishy and rancid varia-
bles as well as the design variables (G1032, Toco 70,
ALT, oil phase, emulsifier) in the loadings plot of PC1
versus PC2 (Fig. 4) were almost identical to the loca-
tions of these variables in the loadings plot of the sen-
sory scores and the data from the other instrumental
variables (Fig. 2a). Hence, Fig. 4 supports the interpre-
tation made above that mayonnaises containing A/L/T
(EALTO, EALTW, ALTO, ALTW) had a more fishy
and rancid flavour than mayonnaises with Grin-
dox 1032 or Toco 70 and that A/L/T mayonnaises were
more oxidised than the other mayonnaises, as more
peaks were located near ALT than Toco 70 or G1032.
Furthermore, Grindox 1032 presumably produced few-
er fishy and rancid flavours than Toco 70.

Volatile compounds responsible for rancid
and fishy off-flavours

Fishy and rancid flavours were pronounced in mayon-
naises containing A/L/T (Figs. 2a, b, 4). To investigate
which of the identified volatile compounds were mainly
responsible for these rancid and fishy off-flavours,
peaks located in the vicinity of Franc, Aranc, Ffish and
Afish were compared for the different weeks (Figs. 4,
5). “Vicinity” was defined as points located within ap-
proximately 0.03 units on the PC1 axis from Ffish,
Afish, Franc and Aranc. Subsequently, the peak areas
for compounds that appeared to correlate well to these
sensory variables were analysed further. The criterion
for including compounds in the subsequent data analy-
sis was that the compound was observed in the vicinity
of the above-mentioned sensory variables more than
once. The following compounds were eventually in-
cluded for further analysis: trans-2-heptenal, 1-octen-3-
one, 1-octen-3-ol, trans,cis-2,4-heptadienal, trans,trans-
2,4-heptadienal, trans-2-octenal, nonanal, trans,cis-2,6-
nonadienal, i.e. peak nos. 14, 15, 20, 21, 22, 23, 24 and
27, respectively (Fig. 6a–h).
Trans-2-heptenal and trans-2-octenal originate from

n-6 fatty acids, the two heptadienals and trans,cis-2,6-
nonadienal from n-3 fatty acids, and nonanal from n-9
fatty acids [38]. The odour characteristics that have
been associated with these compounds in oil are indi-
cated in Fig. 6a–h. None of the eight compounds have
been associated with fishy/train oil odours, but it may
be possible that a mixture of these compounds will give
rise to fishy/train oil odours. This needs to be investi-
gated. Our present data do not allow us to conclude
whether these eight compounds only contributed to the
fishy off-flavours or if they also contributed to the ran-
cid off-flavours.

Mayonnaises with A/L/T had markedly higher peak
areas for 1-octen-3-one and trans,cis-2,6-nonadienal
than for the other mayonnaises throughout the storage
period (Fig. 6b, h). The peak areas for trans-2-heptenal

and nonanal were highest for the freshly produced
mayonnaises containing A/L/T and mayonnaises with
A/L/T always had peak areas among the highest for
these two compounds (Fig. 6a,g). For 1-octen-3-ol,
trans,cis-2,4-heptadienal, trans,trans-2,4-heptadienal
and trans-2-octenal, peak areas for mayonnaises with
A/L/T were generally higher than for the mayonnaises
with Toco 70 and Grindox 1032, although there were
some exceptions to this tendency (Fig. 6c–f). For exam-
ple, mayonnaise with Toco 70 had a higher peak area
for l-octen-3-ol after 4 and 7 weeks than mayonnaises
with A/L/T, but not in the freshly produced mayon-
naises nor after 13 weeks (Fig. 6c). Based on these ob-
servations we suggest that 1-octen-3-one and trans,cis-
2,6-nonadienal, trans-2-heptenal, nonanal, trans,cis-2,4-
heptadienal, trans,trans-2,4-heptadienal, 2-octenal and
perhaps also 1-octen-3-ol contributed to the fishy fla-
vour, although the differences between mayonnaises
with and without A/L/T were less pronounced for the
six latter compounds than for 1-octen-3-one and
trans,cis-2,6-nonadienal. It should also be emphasised
that the concentrations for trans-2-heptenal, 1-octen-3-
ol, trans,cis-2,4-heptadienal, trans,trans-2,4-heptadienal
and trans,cis-2,6-nonadienal were generally lower in
mayonnaise with Grindox 1032 than in mayonnaise
with Toco 70. This finding supports our previous con-
clusion that mayonnaise with Grindox 1032 appears to
be less oxidised than mayonnaise with Toco 70 and it
also supports our proposal that these compounds con-
tribute to the fishy and rancid flavour, which was less
pronounced in Grindox 1032 mayonnaises.

The loadings plot of PC1 versus PC3 (Fig. 5) was
similar to the loadings plot of PC1 versus PC3 for the
other instrumental data and sensory scores (not
shown), although the location of the variables in the
PC3 direction was laterally reversed in Fig. 5 compared
with the PC1 versus PC3 loadings plot of the other in-
strumental data. Hence, PC3 appeared to explain dif-
ferences between the mayonnaises caused by the addi-
tion of extra emulsifier. The compounds 6-methyl-5-
nonen-4-one, trans-2-octenal, trans-2-nonenal, trans-2-
decenal, trans,trans-2,4-decadienal and 2-undecenal, i.e.
peak nos. 13, 23, 28, 30, 31 and 32, respectively, after 0
weeks of storage were all located near the emulsifier
variable, whereas peak no. 9 (b-myrcene) after 4, 7 and
13 weeks, peak no. 12 (D-limonene) after 0, 4, 7 and 13
weeks and peak no. 16 [1-methyl-4-(1-methylethyl)ben-
zene] after 4, 7 and 13 weeks were located diagonally to
the emulsifier variable. These findings indicate that
emulsifier addition increased the concentration of 6-
methyl-5-nonen-4-one, trans-2-octenal, trans-2-nonenal,
trans-2-decenal, trans,trans-2,4-decadienal and 2-unde-
cenal in the fresh samples, but not in the stored sam-
ples. These observations were confirmed by the raw
data (data not shown) and they indicate that the emul-
sifier itself may contain these compounds or that the
emulsifier may somehow promote their production or
release from the mayonnaise system. In contrast, emul-
sifier addition seemed to decrease the concentration of
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b-myrcene, D-limonene and 1-methyl-4-(1-methylethyl-
)benzene (peaks 9, 12, 16). However, none of these
compounds appeared to contribute to the fishy off-fla-
vours. Addition of emulsifier therefore did not seem to
affect the formation of compounds that contributed to
the fishy and rancid flavours.

Summary and discussion of results

The data obtained thus indicated that: (1) A/L/T
caused a decrease in PV, but was a prooxidant as
judged from the sensory evaluation and from the in-
creased concentration of some of the volatile secondary
oxidation products compared with mayonnaises with
Toco 70 or Grindox 1032, (2) Toco 70 neither inhibited
nor promoted the oxidative flavour deterioration of
mayonnaise, although mayonnaises with Toco 70 had
higher PVs than the other mayonnaises, (3) Grin-
dox 1032 appeared to inhibit the formation of fishy and
rancid off-flavours and off-odours to a certain extent
compared with mayonnaise without antioxidant and it
also inhibited the formation of certain volatile oxida-
tion products compared with mayonnaises with A/L/T
or Toco 70, (4) Grindox 1032 apparently increased the
oil droplet size in mayonnaise and it also gave rise to an
increased gel strength compared with addition of
Toco 70 and (5) addition of extra emulsifier apparently
had little or no effect on the antioxidative efficiency of
any of the antioxidants.

We have also studied the partitioning of Toco 70
and Grindox 1032 between the oil and water phases
and the assumed interface in mayonnaise [40]. Despite
the fact that Grindox 1032 was added in the water
phase and Toco 70 in the oil phase of the mayonnaise,
and in spite of the different carriers applied in the two
tocopherol mixtures, we did not observe any difference
between the partitioning properties of tocopherols con-
tained in Grindox 1032 and Toco 70 preparations. For
both mixtures approximately 94% of the tocopherols
was located in the oil phase after an equilibration peri-
od of 2 h [40]. Hence, the different antioxidative activi-
ties observed in the present study for these two antiox-
idant mixtures could apparently not be explained by
the different locations of the tocopherols in the mayon-
naise. However, the different carriers employed in the
two tocopherol mixtures affected the droplet size and
rheological properties of the mayonnaise as mentioned
in point 4 above. The total surface area of the droplets
in an emulsion is inversely proportional to the droplet
diameter [41]. The droplet surface area in mayonnaises
with Grindox 1032 was lower than in mayonnaises with
Toco 70. Oxidation has been described as an interfacial
phenomenon, as the oxidation may take place at or
near the interfaces [42]. Hence, the antioxidative effect
of Grindox 1032 observed in this study may in part be
due to its decreasing effect on the total interfacial area
in the mayonnaise and not simply to its content of toco-
pherol. However, it may also be speculated that the

higher gel strength and yield stress induced by Grin-
dox 1032 addition was at least partly responsible for ox-
idative protection of the mayonnaise. Thus, if oxidation
depends on diffusion rates of oxygen and if the kinetics
of iron-catalysed lipid hydroperoxide breakdown in
mayonnaise are affected by the diffusion rates of the
compounds involved, a more rigid structure may per-
haps lower the diffusion rates and thereby retard oxida-
tion. Furthermore, the antioxidant carrier contained in
the Grindox 1032 preparation may reduce the release
of flavour from mayonnaise becaused of the binding of
flavour compounds to the carrier molecules. These hy-
potheses obviously need to be further investigated. It is
also possible that the fact that the effective concentra-
tion of tocopherol in mayonnaises with Grindox 1032
was lower in total (40 ppmc450 ppm from the oils)
than the concentration of tocopherol in mayonnaises
with Toco 70 (140 ppmc450 ppm from the oils) in-
fluences the antioxidative effect in the mayonnaises.

Previously we found that the immediate formation
of off-flavour caused by the A/L/T system could be as-
cribed to ascorbic acid [34], that ascorbic acid from
A/L/T partitioned into the aqueous phase of mayon-
naise [17] and that addition of ascorbic acid to mayon-
naise increased the concentration of iron in the aque-
ous phase of mayonnaise, while the iron concentration
at the assumed interfacial layer between the oil and wa-
ter phase was decreased [34]. Based on these findings
we proposed that ascorbic acid was able to release and
reduce Fe(III) from the iron-rich egg yolk interface by
forming a complex with iron. Subsequently, the ascor-
bic acid Fe(II) complex decomposed lipid hydroperox-
ides – present at the interface or in the aqueous phase
of mayonnaise – to secondary oxidation products and
oxidation was thereby promoted [34]. The immediate
formation of fishy and rancid off-flavours and the de-
crease in PV observed in the present study when A/L/T
was present are therefore in accordance with our ear-
lier findings and are possibly explained by the same
mechanisms.

Addition of A/L/T also increased the droplet diam-
eters compared with the Toco 70 mayonnaises. Howev-
er, the “antioxidative” effect of its diameter-increasing
ability was apparently outweighed by the prooxidative
effect of ascorbic acid.

The effect of adding extra emulsifier on droplet di-
ameters depended on the antioxidant employed. Drop-
let diameters were thus increased by extra emulsifier
addition when Grindox 1032 was employed and de-
creased when Toco 70 or A/L/T were employed. In our
earlier study on the effect of two different propyl gal-
late mixtures and emulsifier addition to fish-oil-en-
riched mayonnaise, we found that the emulsifier, Pano-
dan TR, interacted with the propyl gallate mixture,
causing different effects on the droplet diameters com-
pared with mayonnaise without propyl gallate [10].
Thus, the different interactions between the Panodan
TR and the three different tocopherol mixtures found
in the present study support our previous conclusion
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that Panodan TR may interact with the antioxidant
mixtures and that this interaction may affect the physi-
cal properties of the mayonnaise.

Conclusion

Grindox 1032 was able to decrease the formation of fi-
shy and rancid off-flavours when compared to mayon-
naise without antioxidants and also when compared to
mayonnaises with other types of tocopherol prepara-
tions. The antioxidative effect of Grindox 1032 may pri-
marily be attributed to its reducing effect on the total
droplet surface area, as Grindox 1032 increased the
droplet size in mayonnaise, but may also partly be ex-
plained by its ability to increase the gel strength. Thus,
the results obtained in the present study suggest that
the antioxidant efficacy of tocopherol mixtures may be
influenced by the physico-chemical alterations they in-
duce in heterophasic food systems. In turn, a general
conclusion drawn from the data is that alterations to-
wards larger droplet sizes combined with stronger rheo-
logical properties (higher gel strength) improve the ox-
idative flavour stability of mayonnaise. However, these
findings need to be substantiated by further experi-
ments.

As expected, addition of the A/L/T system to
mayonnaise promoted the formation of fishy and ran-
cid off-flavours in mayonnaise, irrespective of which
phase the system was added to. The prooxidative effect
of A/L/T appears to be at least partly due to the ability
of ascorbic acid to promote iron-catalysed breakdown
of lipid hydroperoxides, leading to rapid oxidative fla-
vour deterioration in fish-oil-enriched mayonnaise.

The addition of extra emulsifier (Panodan TR) ap-
parently did not affect the activity of the different toco-
pherol mixtures. However, a very interesting observa-
tion was that the effect of Panodan TR on the droplet
size and rheological properties depended on the antiox-
idant or antioxidant carrier in question. Panodan TR
thus enhanced the increasing effect of the tocopherol
mixture Grindox 1032 on the size of the oil droplets,
while decreasing the droplet diameter when employed
together with A/L/T or Toco 70. Hence, a primary con-
clusion of this study was that the emulsifier employed
(Panodan TR) interacted differently with the tocophe-
rol mixtures and that this interaction affected the physi-
cal composition and rheological properties of the
mayonnaise system. Thus, only when tocopherols were
added as a water-soluble complex, Grindox 1032, did
tocopherols exert antioxidant activity in the fish-oil-en-
riched mayonnaise. Whether this effect can be in-
creased further by more targeted production of mayon-
naise to contain larger droplets is currently being inves-
tigated in our laboratory.
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